He MRI was used to calculate regional parametric images of fractional ventilation (r) as the ratio of fresh gas entering a volume unit to the total end inspiratory volume of the unit. Using a single dose of inhaled hyperpolarized gas and a total acquisition time of under 1 min, gas washout was measured by dynamic acquisitions during successive breaths with a fixed delay. A two-dimensional (2D) imaging protocol was investigated in four healthy subjects in the supine position, and in a second protocol the capability of extending the washout imaging to a three-dimensional (3D) acquisition covering the whole lungs was tested. During both protocols, subjects were breathing comfortably, only restricted by synchronization of breathing to the sequence timings. The 3D protocol was also successfully tested on one patient with cystic fibrosis. Mean r values from each volunteer were compared with global gas volume turnover, as calculated from flow measurement at the mouth divided by total lung volume (from MRI images), and a significant correlation (r ϭ 0.74, P Ͻ 0.05) was found. The effects of gravity on R were investigated, and an average decrease in r of 5.5%/cm (⌬r ϭ 0.016 Ϯ 0.006 cm Ϫ1 ) from posterior to anterior was found in the right lung. Intersubject reproducibility of r imaging with the 2D and 3D protocol was tested, and a significant correlation between repeated experiments was found in a pixel-bypixel comparison. The proposed methods can be used to measure r on a regional basis.
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washout; imaging; MRI; lungs; ventilation THE TERM VENTILATION HETEROGENEITY (VH) is used to describe reduced gas mixing efficiency due to narrowing or blockage of the conducting and small (Ͻ2 mm diameter) airways, causing regional changes in the distribution of gas ventilation within the lungs (19, 21) . Traditional lung function tests, such as spirometry, have limited sensitivity to VH in lung disease (6, 14, 31) . A tool capable of detecting these early changes in VH is multiple-breath inert-gas washout (MBW). Its sensitivity has been demonstrated in the lungs of patients with cystic fibrosis (CF) (2, 3, 14, 16, 19) , asthma (20) , chronic obstructive pulmonary disease (34) , and smokers (33) .
MBW measures the concentration of a tracer gas at the mouth. The tracer gas can either be naturally present in the air breathed into the lungs (e.g., N 2 ) or an exogenous tracer gas washed into the lungs before MBW (e.g., SF 6 ). From this global measurement, different approaches have been presented to draw conclusions about regional VH in the lungs (12, 18, 34, 35) . Different imaging modalities have also been shown to be capable of regionally resolving VH; for example 133 Xe scintigraphy (17, 23) , xenon-enhanced computed tomography (11, 13) , and 13 N 2 positron emission tomography (28) . However, all of these methods use ionizing radiation, thus limiting their application in pediatric patients and for repeat longitudinal studies of lung physiology in human subjects.
Magnetic resonance imaging (MRI) methods for quantitative ventilation imaging have been proposed, using both proton ( 1 H) lung MRI and hyperpolarized gas lung MRI. O 2 -enhanced 1 H-MRI is sensitive to T 1 changes of the pulmonary tissue and the perfused blood-pool in the lungs when pure oxygen is inhaled. Physiological parameters can be derived from the signal changes that the inhaled oxygen causes in the surrounding tissue and blood pool (29) . However, the technique is not a direct measurement of the O 2 gas distribution itself in the lung (lung ventilation), but rather the 1 H signal enhancement it causes.
Quantitative multiple-breath imaging with hyperpolarized 3 He MRI was initially proposed by Deninger et al. (7) based on the signal build-up of gas washin and demonstrated in rodent lungs. An optimized version reducing the number of breaths needed has since been shown to be feasible in mechanically ventilated large animals (9) . The requirement for large volumes of 3 He, and mechanical ventilation, mean that washin methods have been limited to animal studies to present.
In the present work, regional fractional ventilation r is quantified based on measurement of gas washout from the lungs after a single breath of hyperpolarized 3 He. The r in a given voxel location (x, y, z) is defined here as the ratio of fresh gas (V f ) entering a volume unit to the total end-inspiratory size of the unit:
with V r being the residual or end-expiratory volume. This measure of lung function treats ventilation as a cyclic noncontinuous process similar to Moeller et al. (25) and Wagner (35) . It can be directly converted into the specific ventilation (SV) parameter (see Eq. A1 in the APPENDIX) and has no unit or dimensions (12) . The r can also be readily used to calculate distribution of ventilation per unit volume, if the breathing frequency is known (Eq. A3 in the APPENDIX). The aim of this study was to develop a technique for MBW imaging using hyperpolarized gas MRI, which is capable of producing maps of r while being practical for use in human subjects. For this reason, a fast two-dimensional (2D) imaging protocol for minimal interruption of the breathing pattern and a three-dimensional (3D) protocol providing full lung coverage are introduced and evaluated. The technique was compared with an independent measure of gas turnover and was evaluated in four healthy volunteers and one CF patient.
MATERIALS AND METHODS
Human subjects. Four healthy subjects (2 women, 26 and 31 yr old, 2 men, 27 and 35 yr old) and a CF patient (boy, 10 yr old) were imaged, following informed consent and approval of the national research ethics committee. In the case of the patient, the consent was given by the parents and in agreement with the child. Table 1 gives an overview of the specific details of the volunteers and patient.
MBW protocols. MBW imaging was performed using a single dose of hyperpolarized 3 He gas, which has a very low solubility in blood. The gas was inhaled from a 1-liter bag from a starting position of functional residual capacity (FRC) similar to the protocol used in routine single breath-hold ventilation-weighted imaging with 3 He. The assumption is that the gas is washed in to equilibrium before washout commences on subsequent breaths. The single-breath gas washin procedure does not, however, represent a steady state of gas concentration, and it has been shown before that, during the course of a breath hold, there is a time-dependent ventilation component of 3 He in partially obstructed lungs (22) . Nevertheless, the more dominant effect on tracer gas turnover is the washout of gas from the lungs.
During the following washout, a fraction of the hyperpolarized 3 He in every volume element ⌬V ϭ ⌬x · ⌬y · ⌬z in the lungs is replaced by air with each subsequent breathing cycle (exhalation-inhalation) directly translating into a signal intensity decay. From this signal decay, the r can be calculated independent of the initial concentration. Values range between r ϭ 0, meaning no gas is replaced, and r ϭ 1, meaning all gas is completely replaced with each breath like in conducting airways. The r can only be calculated for voxels with sufficient initial concentration of the tracer gas. Since the decay is monitored within each voxel, r is the average decay of the whole unit that might include different smaller structures within the imaging voxel.
A schematic of the MBW imaging acquisition timing is outlined in Figure 1A . Images are acquired separated by a fixed delay time, denoted by ⌬t. The delay was sufficiently long to allow subjects to perform a breathing cycle (exhale-inhale) between data acquisitions. The first two images are acquired during a calibration breath hold to account for signal losses due to gas depolarization that are not related to gas washout. This delay before the washout starts allows time for the gas to achieve an equilibrium concentration and to fill air spaces that are filled at a later stage in breath hold due to partial obstruction (22) .
A 2D imaging protocol was developed for assessment of gas washout in two parallel sagittal slices covering the central parts of both the left and right lungs. This approach was then extended to a 3D whole lungs imaging method in a second protocol with different timings. Both follow the schematic outlined in Fig. 1A and are described below in further detail.
2D washout acquisition protocol. Subjects inhaled a mixture of 3 He and N2 from FRC. The dose consisted of ϳ100 ml of 3 He topped up with N2 to match the subject's tidal volume (VT) and was delivered in a Tedlar bag. Following the calibration breath hold, subjects were instructed to breathe in synchronization with the timing of the sequence for data acquisition (as shown in Fig. 1 ). The fixed delay time ⌬t was empirically set at 4 s to ensure comfortable breathing. This protocol was performed in all healthy subjects and repeated twice for each subject to assess reproducibility.
3D washout acquisition protocol. To perform washout imaging with 3D images, a dose of 200-ml 3 He was mixed with 800-ml N2 and inhaled from FRC. Similar to the 2D-washout (2D-WO) acquisition, subjects breathed in synchronization with the sequence timing after a calibration breath hold (as shown in Fig. 1 ). Due to the increased acquisition duration needed for volume coverage with the 3D sequence (2.6 s), the fixed delay ⌬t was increased to 5 s. This protocol was carried out in all healthy subjects and in the CF patient. The dose for the patient was reduced to 150 ml, and the total amount was adjusted to 450 ml according to his much smaller lung volume (LV) ( Table 1) .
Flow measurement during washout imaging experiments. During the washout phase of the experiments, VT, flow, and pressure were monitored at the mouth using a RSS 100HR research pneumotachograph (Hans Rudolph, Shawnee, KS) with a series 3830/4830 linear screen sensor (Hans Rudolph), which allows a sampling interval of 20 ms. The apparatus was tested in the MRI environment for compatibility and was not found to reduce image quality. A disposable filter was connected to the sensor to avoid contamination (model 2820, Vitalograph, Buckingham, UK).
3 He magnetic resonance hardware and pulse sequences. MRI experiments were performed on a 1.5 T Signa HDx scanner (GE, Milwaukee, WI) using a quadrature wrap-around transmit-receive chest radio-frequency (RF) coil tuned to 48.63 MHz (Clinical MR Solutions, Milwaukee, WI). 3 He was hyperpolarized to ϳ25% using spin-exchange optical pumping apparatus (GE Healthcare, Amersham, UK) under a site-specific regulatory license.
In the case of the 2D acquisitions, the pulse sequence parameters were as follows: a 64 ϫ 32 matrix (frequency ϫ phase), 38 ϫ 38 cm field of view, echo time (TE) 1 ms, repetition time (TR) 3.38 ms, receiver bandwidth (RBW) 31.3 kHz, flip angle ϳ4°, and centric phase encoding order. Two sagittal slices were acquired with a slice thickness of 50 mm to mitigate effects of intraslice gas diffusion during the experiment (39) and to cover major parts of the left and right lung. The acquisition duration for each time point was 0.2 s.
In the case of the 3D acquisitions, the matrix was 32 ϫ 32 ϫ 32, 38 ϫ 38 cm field of view with a slice thickness of 10 mm, TE 0.75 ms, TR 2.5 ms, RBW 32.3 kHz, flip angle ϳ1°, and centric phase encoding was used. The flip angle was chosen deliberately small [one-half of the optimum value (38) ] to ensure sufficient signal-tonoise ratio (SNR Ͼ 15) in at least four acquisitions. The duration of image acquisition for each time point was 2.6 s. In the CF patient, images were acquired with a 35 cm 2 field of view and through-slice matrix of 22 (duration of image acquisition for each time point was 1.8 s) due to the child's smaller LV.
An estimate of end-inspiratory LV was required to calculate the volume turnover for the 2D 3 He washout acquisitions. LV estimates were made from 1 H anatomical images that were acquired using a multislice balanced steady-state free precession sequence covering the whole lung. Parameters were a slice thickness of 10 mm with 22-24 slices, matrix of 256 ϫ 192 (frequency ϫ phase), TR 2.8 ms, RBW 250 kHz, and flip angle of 50°. To minimize movement of the subjects between the 3 He washout and 1 H scans, the scanner's body coil was used to acquire the 1 H scans with the 3 He coil in situ. Comparable lung inflation volumes to those during the washout protocol (2D-WO) were achieved by inhalation of a bag of air containing the same volume used for the washout imaging from the same initial volume (FRC). The scan was performed twice, and the average of both volumes was used to calculate the volume turnover.
In the CF patient only, single breath-hold ventilation-weighted images, often referred to as ventilation images (40), were acquired using a 2D spoiled gradient echo sequence with a matrix of 128 ϫ 102, 35 ϫ 28 cm field of view (with reduced field of view left-right), TE 1.1 ms, TR 3.6 ms, slice thickness 10 mm, RBW 62.5 kHz, flip angle 8°, and sequential phase encoding. A total of 18 slices were acquired to cover the whole lung after inhalation of a mixture of 225 ml of hyperpolarized 3 He diluted with 225 ml N2. Calculation of r from washout imaging data. The r parameter was calculated from the signal decay during the washout. Altogether, three different mechanisms contribute to the overall signal decay: 1) the turnover (washout) of gas; 2) T 1 relaxation of the polarization of the hyperpolarized gas; and 3) the depolarization of magnetization from the small flip angle RF pulses that are used to acquire the magnetic resonance (MR) images. To calculate r, the mechanisms of 2 and 3 need to be separated from 1. These two effects can be measured from the ratio of the signal in the two images acquired during the calibration breath hold, assuming that the 3 He T1 is reproducible between breaths, a condition addressed in the DISCUSSION. All subsequent images can then be corrected for the non-washout-related decay. During washout, the evolution of the 3 He signal in a voxel measured by a spoiled gradient echo sequence can be modeled with (8) :
Where S(t) is the signal intensity at time t, I(t) is a function describing the density of 3 He gas in the lungs at a given breath, e Ϫt/T1 is the losses from T1 decay, and (cos ␣)
NRF is the signal depolarization after NRF Images were acquired at a fixed delay ⌬t. Subjects held their breath during the first two acquisitions, constituting the calibration phase, and performed a single breathing cycle (exhale-inhale) between subsequent acquisitions. B: flow chart of the data processing steps used to obtain fractional ventilation parameter r from a two-dimensional (2D) dataset. MR, magnetic resonance; RF, radio frequency; PT, pneumotachograph; SNR, signal-to-noise ratio.
RF pulses with a flip angle ␣. Due to the finite polarization of the inhaled gas, the signal is only measured at discrete cyclic time points with a delay ⌬t. The equation can then be reformulated to:
with S(n) representing signal intensity of a volume element acquired at time step n with a total delay of ϩ ⌬t from the start of the previous acquisition, where is the duration of an acquisition, and ⌬t is the gap between two acquisitions, and N is the number of RF pulses used to acquire an image in a single time point acquisition. , ⌬t, ␣, and N are all kept constant during the experiment. Assuming that T 1 remains constant, and neglecting gas diffusion into the bloodstream, the equation can be simplified to:
Here, C is a constant correction factor that combines the effects of both longitudinal relaxation and RF depolarization. Because no washout takes place during the calibration phase at breath hold (Fig. 1A )
. This enables the calculation of a local correction factor for every voxel position (x, y, z):
Having obtained C, corrected images of absolute 3 He gas density, I(n) can be derived for the subsequent time series of acquired images S(n) from Eq. 4. The signal decay in the corrected images I(n) can thus be regarded as being due to washout of 3 He gas alone, and r can then be calculated from:
for n Ն 1, with n ϭ 0 being the first image in the calibration breath hold. Fitting Eq. 6 for all voxels yields maps of r as a quantitative measure of regional gas washout. Specific details of image processing. The raw data acquired were reconstructed after applying a Gaussian filter ( ϭ 15) to the k-space raw data using custom-written code implemented in Matlab (Mathworks, Natick, MA). Image registration is necessary to compensate for motion and LV changes throughout the experiment, which are prominent around the diaphragm, potentially leading to unrealistic values of r. All datasets were registered to the first image using an image registration algorithm that allowed deformation in every direction (4). To account for the different intensity ranges resulting from the washout of gas, the images are first normalized to the maximum signal of the LV at each time point before applying the registration algorithm and mapped back to their original intensities after registration. A simulation using a lung model at two different inflation states proved that the registration algorithm does not affect signal intensity. The registration algorithm is based on a sum-of-squared intensity differences as similarity measure. To find exact solutions for the registration, images were converted to binary images by dimensional extension. A smoothing constraint for the displacement minimizing the Laplacian of the displacement is then used to find the best registration solution, as described in detail by Barber et al. (4) . After registration, images are segmented using a threshold-based mask created from the first image that has the highest SNR (SNR 2D Ͼ 150; SNR3D Ͼ 200). The threshold is established using Otsu's method (26) as the signal threshold level, which maximizes the between-class variance of the two clusters defined by the applied threshold (foreground and background) in the histogram of an image. The images were then filtered using a median filter with a 3 ϫ 3 neighborhood to reduce the effect of noise. Afterwards, images with SNR Ͻ 15 were excluded from further evaluation. A second segmentation is then applied using a mask created from the last acquisition of the washout cycle included in the analysis. The second segmentation excluded lung regions with no signal left after the washout (e.g., trachea). This mask is then applied to all images. The segmentation is followed by the correction for T 1 and RF depolarization described above in Eq. 4. Finally, Eq. 6 is evaluated on a pixel-by-pixel basis to calculate the r for each voxel using a least squares algorithm. A flow chart of the image postprocessing algorithm from a 2D acquisition is shown in Fig. 1B .
Gravitational evaluation of r. To evaluate the effects of gravity on regional ventilation, each map was divided into strips of 2 cm running lengthwise in the superior-inferior direction, orthogonal to the direction of gravity, and mean r was calculated for each strip. The first and last strips were excluded from the evaluation of gravitational slopes to omit upper and lower borders.
Comparison of imaging and pneumotachograph measurements of ventilation. The values of r obtained from washout imaging were compared with the total gas volume turnover measured using the pneumotachograph and LV from MRI. With knowledge of the inspiratory LV, lung volume, V lung (from the imaging data), and the VT, Vtidal (from the pneumotachograph), the gas volume turnover of the whole lungs with each breath can be calculated (8, 36) :
where f is mean (global) gas volume turnover. In the case of the 3D protocol, Vlung was obtained by segmenting the 3D ventilation images acquired for each breathing cycle and taking the mean value. The images were segmented using a threshold determined by Otsu's method (26) . In the case of the 2D protocol, the average inspiratory LV was determined from manual segmentation of the signal void (air space) in the additional proton scans acquired. This method has previously been shown to give good estimates of LV (40) . This measurement can be considered as independent of the 3 He MR measurements of r. Even though the same dataset is used to calculate gas volume turnover and r for the 3D protocol, the information is used in a different way. While the binary segmented images from the calibration phase are used to return the LV as part of calculation of gas turnover, for calculation of r, the image intensity itself as a function of time is required.
Comparison of r from 2D and 3D protocols. To directly compare the mean r of the 2D maps with the 3D maps, it is assumed that the two thick slice 2D maps represent most of the LV. The VT during the washout phase of the experiment directly influences the values of r:
and is dependent on the subject's voluntary breathing. However, as FRC is common to both experiments, mean global r (r global) values measured with the 2D protocol are converted using Eq. 9 for comparison with those measured with the 3D protocol:
where VT is measured during washout from the 2D acquisition (2D-WO) and the 3D acquisition [3D washout (3D-WO)] respectively, r 2D-measured represents the r measured with the 2D protocol, and rconverted is the r measured with the 2D protocol scaled for comparison to the r measured with the 3D protocol.
predicted (27) . All healthy volunteers had no history of respiratory or cardiac disease and were nonsmokers. The patient has the CF gene mutation ⌬F508/621ϩ1G. Spirometry showed normal values of FEV 1 and FVC comparable to healthy volunteers of the same age. All subjects tolerated the imaging protocols well. A representative 2D dataset from one slice of a washout acquisition in the sagittal plane is shown in the top row of Fig. 1B . The middle row displays the images after correction for RF depolarization and T 1 decay, which are then used to obtain a r map from the dataset, as seen at bottom of Fig. 1B . The resulting 2D r maps from healthy subjects (volunteers 1-4) are displayed in Fig. 2A , together with the corresponding histograms from the right and left lung r maps. For subject 4, r maps obtained from repeat of two acquisitions are shown next to each other. Representative slices from 3D r maps from subjects 1-4 are shown in the axial, coronal, and sagittal planes in Fig. 3 . In addition, the histograms show the distribution of r from all of the voxels from the whole of the lungs.
An overview of all mean r values from the subjects from all experiments is given in Table 2 . The observed mean values of r ranged from r ϭ 0.22 to 0.30 in case of the 2D protocol and from r ϭ 0.34 to 0.51 in the case of the 3D protocol.
The effect of image exclusion on r calculation. Table 3 shows the effect of using different images from the washout time course in the calculation of r. To improve the reliability of the r maps, the breathing pattern has to be taken into consideration, and related constraints were introduced using recordings from the pneumotachograph and 3D images. Image combinations from two sequential time points were excluded from the final calculation of r if the LV from one acquisition to the next had changed by Ͼ6% in case of the 2D protocol and 15% in the case of the 3D protocol. To find those relative volume changes, the difference between accumulated exhaled and inhaled volume from the pneumotachograph was divided by the total LV from segmented proton images (2D-WO) or from 3 He images (3D-WO). This is necessary as interbreath VT changes could have additional effects on the computed r due to dilution of gas from an increased LV. In particular, the combination of the images n ϭ 1 and n ϭ 2 was found to be prone to this effect for both the 2D-WO and 3D-WO protocols. In the case of the 2D protocol, a second constraint was introduced to avoid high deviations in VT. Images with a deviation of the exhaled volume of less than Ϯ15% compared with the mean VT during the experiment were included from further calculations. All images meeting the above constraints were included in the final calculation of r and are highlighted in Table 3 . In the case of 3D-WO, this means that, in some cases, two images are used to fit r from the signal decay.
Gravitational effects of r. The gravitational trend of increased r from anterior to posterior (A-P) in volunteer 2 is shown in Fig. 2B , which also demonstrates the intersubject repeatability of the method, with the gravitational trend being generally well reproduced between strips, despite some variation in the actual r values. Regional ventilation is known to be higher in gravitationally dependent regions than in nondependent regions (15, 29, 36) . This ventilation gradient from A-P was observed in both the 2D and 3D r maps and is exemplified in the A-P profiles in Fig. 2B . In the case of the 2D protocol, the slices in the left lung were acquired more laterally than those in the right lung, such that motion artifacts from the heart could be avoided. Those slices were, therefore, under less gravitational compression from any overlying mediastinal tissue mass and are, therefore, not discussed in further detail here. The gravitational slopes of r from A-P in the right lung are shown in Table 2 for all subjects. The data from the patient show a considerably reduced effect of gravity on the ventilation of the lungs compared with the healthy volunteers.
Comparison of imaging and pneumotachograph measurements of ventilation. Figure 4A shows comparison of the mean r values from gas washout imaging with the global gas volume turnover obtained from the flow measured with the pneumotachograph at the mouth and the total inspiratory volume, as segmented from the breath-hold MRI volume images. The dead space volume of the upper airways, as measured from the 3 He images (NB: this was excluded from the r calculations), was, in total, 150 ml, including the dead space volume of the pneumotachograph and the filter (70 ml) (10) . This total dead space volume was subtracted from the measured VT. A significant Pearson's correlation of R ϭ 0.74 (P Ͻ 0.05) was found between the two measures. The error bars for the global volume turnover values in Fig. 4A were derived from small changes of VT introduced while breathing voluntarily, which is visible in the recordings of the pneumotachograph (Fig. 5) , and the standard deviation of the measured LV from MRI. Error bars were derived from the standard deviation of r values over all voxels in the whole lung. The Bland-Altman analysis (5) plotted in Fig. 4A shows a good agreement between the methods with a relative mean difference of 14.5% and a standard deviation of Ϯ13.5%.
Comparison of r from 2D and 3D protocols. The last column in Table 2 shows the r measured with the 2D protocol converted to corresponding 3D r values using Eq. 8. The comparison accounts for the dead space of 150 ml (10) . An intraclass correlation coefficient (ICC) ϭ 0.94 was found. A BlandAltman analysis showed a relative mean difference of 3.5% with standard deviation of Ϯ13.1%.
Repeatability of the washout measurements. Figure 4 , B and C, shows the comparison of two experiments from volunteer 4 on a pixel-by-pixel basis from the 2D and the 3D protocol, respectively. Corresponding experiments were performed within the same session, and the volunteer was not moved between the acquisitions. A significant Pearson's correlation of R ϭ 0.85 (P Ͻ 0.0005) was found in the case of the 2D protocol and R ϭ 0.74 (P Ͻ 0.0005) in the case of 3D protocol. In addition, the ICC was calculated to test datasets for absolute agreement between the two measurements, and an ICC ϭ 0.84 was found for the 2D dataset, as well as an ICC ϭ 0.78 in case of the 3D dataset examined. A Bland-Altman analysis of the same datasets resulted in a relative mean of difference of 2.9% (2D) and 10.9% (3D) with a standard deviation of Ϯ12.1% (2D) and Ϯ13.5% (3D). Mean values from repeated experiments performed with the 2D-WO protocol from all healthy volunteers are reported in Table 2 . A standard deviation of the mean values of 3% and a relative average difference of 8.2% were found.
CF patient data. Figure 6 shows a direct comparison of two selected corresponding coronal slices acquired with the 3D-WO protocol and a single breath-hold ventilation-weighted acquisition. The r is shown in a range between r ϭ 0 -0.8, and in the ventilation-weighted image the unit is the signal intensity. The histograms are shown in Fig. 6 to compare the distributions in the r maps with the image intensity, as seen in the ventilation-weighted images.
DISCUSSION
This technical development shows how quantitative maps of r can be acquired in under 0.5 min by monitoring the washout of a single dose of hyperpolarized 3 He gas. This method was shown to work with a 2D acquisition protocol that allows synchronized breathing close to calm tidal breathing with very small interruptions. The same method was extended to a 3D acquisition, allowing the assessment of regional r values from the whole lung.
The mean global values of r were compared with an independently measured value, and significant agreement was found (Fig. 4A) The mean values from the 3D acquisitions from all volunteers were found to be higher (average r ϭ 0.44 Ϯ 0.08) than those derived from 2D protocol. The r values scale with breathing volume, which was found to be higher in the 3D protocol in all volunteers, due to the timing of the 3D data acquisition. The longer sequence duration increases the apnea during the first breath hold, which in turn results in an altered breathing pattern with increased VT (Fig. 5) . While volunteers reestablish steady tidal breathing during the 2D-WO after apnea, this was not possible during a 3D-WO, where only four to five acquisitions with sufficient SNR could be acquired, and longer image acquisitions considerably interrupt the breathing pattern. Acquisition acceleration techniques like compressed sensing (1) and k-t-BLAST (32) may help to decrease 3D acquisition times and the number of RF pulses needed to acquire the 3D images, so that a timing similar to the one in 2D might be achievable. This is the subject of current development work. Using the recorded VT in both experiments and with the assumption that FRC (the initial volume before breathing in the hyperpolarized gas) is highly reproducible, the values acquired with the 2D protocol can be converted into whole lung r values (Table 3) .
Image exclusion for a reliable r calculation. Constraints were introduced to improve the reliability of r maps. Images with SNR Ͻ 15 were excluded from further calculations. This cutoff was based on a Monte-Carlo simulation investigating the influence of noise on simulated washout experiments. From an initial SNR as measured in images, the approximate signal decay was estimated. A cutoff was determined from those SNR estimates. The cutoff value of a global SNR Ͼ 15 ensures enough signal strength even for voxels with higher signal drop due to higher r values. A worst case scenario testing the accuracy of a two-point fit as described above with a r ϭ 0.8 resulted in a standard deviation of error Ͻ 10% in the Monte Carlo simulation.
The other constraints are related to the breathing pattern during the washout. The influence of using different combinations of images to calculate r maps is shown in Table 3 . The different mean values are related to changes in the breathing pattern during the washout. The combination of acquisitions n ϭ 1 and n ϭ 2 was especially prone to irregular breathing. This can be explained with the preceding calibration breath hold and the subsequent urge to breathe after a period of apnea. The recordings from the pneumotachograph in Fig. 5 confirm this altered breathing pattern in both 2D-WO and the 3D-WO. Images affected by this altered breathing pattern were excluded. In the case of the 2D acquisitions where the breathing pattern was close to tidal breathing at rest, this threshold of change between subsequent LVs was empirically set to 6%. For the 3D-WO, this threshold was set to 15%. Another constraint was added to the 2D-WO to find acquisitions deriving from a smooth breathing pattern. This excluded all acquisitions with an exhaled volume that differed by more than Ϯ15% than the average VT over the whole experiment. During the 3D protocol, subjects were not able to perform steady-state tidal breathing due to the relatively long sequence durations. With a calibration phase of 10.2 s, followed by interruptions of 2.6 s, subjects tend to a breathing pattern, as shown in Fig. 5B , and a return to calm tidal breathing was not possible. This raised VT compared with that typically seen with the 2D protocol explains the higher values of r measured with the 3D protocol. A resulting potential weakness of the 3D protocol is the fact that, for some datasets, the fit of Eq. 6 can only use 2 data points per voxel. A Monte Carlo simulation fitting 2 data points corrupted by noise was performed to evaluate the error introduced into r maps. As mentioned above, this error was found to be Ͻ10% on average for a r ϭ 0.5. A comparison with global gas turnover for the 3D-WO shows a significant Pearson's correlation (R ϭ 0.99, P Ͻ 0.05) and an ICC ϭ 0.88, supporting the validity of the datasets. By controlling the breathing volume, the restriction could be circumvented and enable the use of all datasets in the evaluation.
T 1 considerations during washout. T 1 of 3 He was assumed to be constant in Eq. 2 when modeling the polarization decay during the washout experiment. The anoxic hyperpolarized 3 He-N 2 gas mixture inhaled causes a lower oxygen concentration in the lungs than after inhalation of air, and also oxygen in the lungs is taken up by blood during the calibration breath hold. Together, these factors result in an increase of T 1 of the 3 He (30). This results in an underestimation of the T 1 losses in the correction factor described in Eq. 2 when it is applied to the subsequent inhaled breaths of air. To estimate the potential error introduced from imprecise knowledge of the T 1 in later breaths, T 1 values from literature were taken (37) and applied to measured VT and lung volumes from volunteers. In a worst-case scenario, the total amount of error introduced in the T 1 correction factor from this anoxic gas fraction is Ͻ25%. For the mean value of r as found over all experiments, r ϭ 0.37, this results in an error of Ͻ15%. Changes in T 1 due to possible changes in perfusion caused by an altered partial oxygen pressure from the first anoxic breath were not considered with respect to the small time frame of apnea.
Further investigation should assess these combined sources of error in greater detail, but is beyond the scope of this paper.
Patient dataset. Despite the normal FVC and FEV 1 , an inhomogeneous spatial distribution (regional VH) was observed in both the r maps and breath-hold ventilation-weighted images. The average and standard deviation of r were not notably different from the values of the healthy volunteers. Nevertheless, the r maps of the patient show a patchy spatial heterogeneity, which conceals the underlying gravitational heterogeneity compared with the r maps of the healthy volunteers (Fig. 3) .
Gravitational evaluation of r. The well-known A-P ventilation gradient in supine humans, which is usually attributed to gravity and the springlike compression of the lung under the weight of the overlying mediastinum (15, 29, 36 ), is clearly demonstrated in this work and helps confirm the validity of the method. The gravitational effects were much less apparent in the CF patient, and this observation warrants further investigation in a larger patient population. Repeatability of the washout measurements. The pixel-bypixel comparisons of the r maps from repeated experiments (Fig. 4, B and C) show significant correlations and confirm the reliability of both protocols in the tested volunteer. The mean values from repeated 2D-WO experiments listed in Table 2 show a correlation, not yet significant with this small sample size, but with a high ICC ϭ 0.89.
Conclusion.
The results presented here demonstrate that it is feasible to obtain quantitative r maps by MR measurements of 3 He washout with only a single dose of hyperpolarized This reduces the amount of hyperpolarized 3 He necessary for this type of examination considerably compared with previously suggested methods based on 3 He washin (7, 9) . The washout approach presented here enables 3 He MRI ventilation quantification for studies in voluntary breathing humans using ϳ100 ml doses of 3 He for a 2D-WO with two slices. This compares favorably to 2 liters of 3 He used to acquire a 2D r map in a mechanically ventilated pig used as a prelude to human experiments with the equivalent washin technique (9) . The feasibility of acquiring a r map of the whole lung using 200 ml of 3 He was shown using the 3D-WO protocol. Additionally, the total duration of the examination is Ͻ0.5 min, making it practical for routine clinical application.
The 2D-WO imaging protocol caused subjects to deviate less from a relaxed breathing pattern than the 3D protocol. VT approximately matched those measured at rest in a supine position outside the scanner. This could be a huge advantage for studies on patients with severely impeded lung function, as it requires only a synchronization of the breathing cycle with the acquisition protocol. For patients who are able to hold their breath for longer than 10 s, the 3D voluntary breathing protocol was shown to be capable of producing r maps of the whole lung.
Considering all subjects had normal pulmonary function testing values (Table 1) , they had no trouble following the breathing pattern required following a single training acquisition. The 3D-WO protocol is currently being evaluated in more routine clinical studies of patients with asthma and CF.
APPENDIX
Similar to the parameter r described in Eq. 1, an alternative definition of quantitative ventilation is SV. SV is defined as the ratio between the fresh gas entering the lung with each breath (V f) over the expiratory volume of a voxel (Vr) (12, 17, 18, 24, 29) :
SV can be derived from the data collected with the methods specified in this work by exchanging Eq. 6 with Eq. A2:
With knowledge of the r and the breathing frequency (f), it is possible to return a time-dependent measure of distribution of ventilation per unit volume in this context as taken from Wagner (35) as a measure of VH:
where V is ventilation, and ⌬t is the period of the breathing cycle.
